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Nomenclature 


A* 

F 

F 'nondesign 
F 'cowl 

m 

O/F 

P* 


Pamb 


pdA 

e 

T/W 

* 

V 


throat  area  (in2) 
total  thrust  (lbf) 

thrust  component  due  to  nozzle  operation  at  altitudes  other  than  the  design  altitude  (lbf) 

thrust  component  acting  on  the  chamber  exit  lip  (lbf) 

total  propellant  flow  rate  (lbm/s) 

oxidizer-to-fuel  ratio 

throat  pressure  (psia) 

ambient  pressure  (psia) 

pressure  acting  on  the  nozzle  at  differential  cross-sectional  areas 
angle  of  flow  to  the  centerline  of  the  spike  (deg) 
thrust-to-weight  ratio 
throat  velocity  (ft/s) 


I.  Introduction 

(^URRENT  operational  upper  stage  rocket  engine  technology  has  proven  successful  to  meet  orbit  transfer  needs. 
However,  the  United  States  Air  Force  recognizes  major  technological  improvements  are  required  to  meet  future 
demands,  especially  in  the  area  of  specific  impulse  and  engine  thrust-to-weight  ratio  (T/W)  [1].  The  Air  Force  is 
making  strides  forward  with  the  goal  of  first  maturing  upper  stage  engine  technology  and  secondly  incorporating  the 
mature  technology  in  future  operational  designs  [2,  3].  The  Air  Force  Institute  of  Technology  (AFIT)  is  joining  the 
cause  of  upper  stage  engine  improvements  with  a  novel  engine  concept:  a  reusable  dual-expander  aerospike  nozzle 
rocket  engine,  referred  to  as  the  DEAN. 

The  DEAN  utilizes  liquid  hydrogen  and  liquid  oxygen  as  propellants,  is  powered  by  two  separate  expander 
cycles  to  pump  the  propellants  and  utilizes  an  aerospike  nozzle  for  improved  performance  compared  to  a 
conventional  bell  nozzle.  The  design  goals  for  the  engine  are  reusability,  50,000  lbf  (222  kN)  vacuum  thrust,  464 
seconds  of  vacuum  specific  impulse  and  a  thrust-to-weight  ratio  of  106.5.  Designing  the  engine  to  be  reusable 
allows  the  engine  to  be  robust  against  testing  and  survive  multiple  flight  restarts. 
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Both  Martin  and  Simmons  performed  foundational  DEAN  design  work  at  AFIT.  Martin  first  demonstrated  the 
feasibility  of  the  DEAN  concept  at  a  single  design  point  [4].  Simmons  followed  with  the  creation  of  a  system  level 
model  enabling  parametric  trade  studies  of  the  solution  space  and  improvements  to  the  DEAN  design  [5], 

Hall,  building  upon  previous  AFIT  work,  enhanced  the  system  level  DEAN  model  to  estimate  engine 
performance,  weight  and  geometry  reliably  [6],  Parametric  trade  and  optimization  studies  of  the  solution  space 
found  a  new  DEAN  design  point  that  met  most  of  the  design  goals  without  violating  physical  and  reusability 
constraints;  unfortunately,  the  vacuum  specific  impulse  goal  was  not  met  by  33.4  seconds  or  7.3%.  Although  unable 
to  meet  all  the  design  goals,  the  best  DEAN  concept  proves  to  be  competitive  to  current  operational  and  under 
development  upper  stage  engines. 

II.  DEAN  Concept 

The  DEAN  differs  from  other  cryogenic  upper  stage  engines  in  two  ways.  First,  the  engine  utilizes  separate 
expander  cycles  for  the  oxidizer  and  fuel.  Second,  the  engine  utilizes  an  aerospike  nozzle. 

In  a  traditional  expander  cycle,  the  fuel  alone  regeneratively  cools  the  combustion  chamber  and  nozzle.  The  heat 
transferred  to  the  fuel  from  cooling  provides  enough  power  to  the  turbine  to  power  both  the  fuel  and  oxidizer  pumps 
prior  to  the  injection  of  the  fuel  into  the  combustion  chamber.  The  DEAN  employs  an  oxidizer  expander  cycle  to 
drive  the  oxidizer  pump  and  similarly  a  fuel  expander  cycle  to  drive  the  fuel  pump  [7].  The  fuel  and  oxidizer  remain 
physically  separated  until  injection  into  the  combustion  chamber,  eliminating  the  need  for  an  interpropellant  seal; 
failure  of  this  seal  is  the  critical  catastrophic  failure  mode  in  traditional  expander  cycle  engines  [4]. 

Figure  1  is  a  sketch  of  the  two  independent  expander  cycles  with  fuel  and  oxidizer  flow  represented  on  the  left 
and  right  side  of  the  figure,  respectively.  The  propellant  first  travels  from  the  propellant  tank  through  the  pump. 
The  pump  increases  the  propellant  pressure  and  then  delivers  the  propellant  to  the  cooling  jacket  where  the 
propellant  gains  energy  from  regenerative  cooling  of  the  combustion  chamber  (oxygen)  or  aerospike  (hydrogen). 
The  cooling  jacket  also  keeps  the  combustion  chamber  and  aerospike  temperatures  below  structural  thermal  limits. 
The  additional  energy  in  the  propellant  from  regenerative  cooling  drives  the  turbine/expander  cycle.  From  the 
turbine,  the  propellant  travels  to  the  injectors  and  into  the  combustion  chamber  for  combustion.  Lastly,  the 
combusted  products  (exhaust)  expand  against  the  aerospike  nozzle  to  produce  the  desired  performance.  In  the 
oxidizer  expander  cycle,  a  small  percentage  of  the  warm  oxygen  bypasses  the  turbine  to  the  injectors  to  control  and 
balance  the  engine  cycle. 
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aerospike  nozzle  consists  of  a  longitudinally  elongated  annulus  forming  a  cylinder  (the  combustion  chamber)  with  a 
specially  designed  spike  in  the  center  of  it.  Although  not  a  benefit  for  an  upper  stage  engine  operating  in  vacuum, 
the  aerospike  nozzle  can  operate  near  optimally  at  all  altitudes  below  or  at  its  design  altitude.  More  specifically,  the 
aerospike  can  compensate  for  changes  in  altitude  and  ambient  conditions,  meaning  the  aerospike  nozzle  will  not 
suffer  from  the  same  overexpansion  losses  a  bell  nozzle  suffers  [8].  Above  its  design  altitude,  the  aerospike  nozzle 
behaves  more  like  a  conventional  bell  nozzle  losing  its  altitude  compensation  capabilities.  For  orbit  transfer 
missions,  rocket  engines  require  a  high  expansion  ratio  increasing  the  length  and  mass  of  a  traditional  bell  nozzle. 
The  benefit  of  using  an  aerospike  nozzle  for  upper  stage  applications  is  the  engine  will  be  shorter  and  lighter  than  a 
bell  nozzle  with  equivalent  performance,  especially  if  the  aerospike  nozzle  is  truncated.  Previous  work  utilized  the 
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full  aerospike  nozzle  length  to  explore  highest  achievable  specific  impulse  performance;  however,  Martin  did  show 
performance  degradation  is  limited  with  a  truncated  spike  [4], 

Utilizing  an  aerospike  nozzle  enables  the  use  of  the  dual-expander  cycle.  Aerospike  nozzle  geometry,  with  two 
distinct  walls  requiring  cooling,  can  serve  to  separate  the  fuel  and  oxidizer  until  injection  into  the  combustion 
chamber.  Physical  separation  of  the  propellants  during  regenerative  cooling  lends  itself  to  the  dual-expander  cycle. 
The  two  distinct  walls  also  provide  a  greater  surface  area  for  heat  transfer  at  the  throat  compared  to  a  bell  nozzle. 
This  increase  in  heat  transfer  surface  area  means  more  power  to  the  turbine,  increased  chamber  pressure,  and 
increased  performance  compared  to  regenerative  cooling  in  a  bell  nozzle.  Aerospike  geometry  with  a  larger  throat 
surface  area  means  each  propellant  can  gain  enough  energy  to  power  its  own  expander  cycle. 

The  DEAN  concept  consists  of  twelve  main  engine  components:  combustion  chamber  and  aerospike  cooling 
jackets,  combustion  chamber  and  aerospike  structural  jackets,  aerospike  nozzle  tip,  two  turbopump  assemblies 
(pump,  turbine  and  shaft  combination),  plumbing  for  each  propellant,  injectors,  oxidizer  dome  and  hardware.  The 
term  aerospike  is  represented  by  the  entire  surface  of  the  inner  combustion  chamber  wall  plus  the  aerospike  nozzle. 
The  cooling  jackets  serve  to  physically  separate  the  hot  combusted  products  from  the  coolant  while  maximizing  heat 
transfer  to  the  coolant  to  power  the  turbopumps.  The  structural  jackets  serve  to  restrain  the  cooling  channel  and 
combustion  chamber  pressures.  The  aerospike  nozzle  tip  is  the  uncooled  portion  of  the  aerospike  nozzle.  Two 
turbopumps  exist;  one  for  the  fuel  and  the  other  for  the  oxidizer  to  power  the  individual  expander  cycles.  Plumbing 
exists  for  both  the  fuel  and  oxidizer  and  serves  as  a  physical  boundary  to  move  propellant  from  one  engine 
component  to  another.  Linked  to  the  plumbing  components  are  manifolds  located  at  each  end  of  the  propellant 
cooling  jackets.  One  manifold  serves  to  distribute  the  propellant  into  the  cooling  channels  and  the  other  serves  to 
collect  the  propellant  from  the  cooling  channels  directing  the  propellant  into  a  single  pipe  towards  the  turbine.  The 
oxidizer  dome  serves  as  a  manifold  to  transfer  the  propellant  into  the  injectors  and  into  the  combustion  chamber. 
Hardware  accounts  for  rivets,  nuts,  bolts,  wiring,  etc.  Figure  2  is  an  axial  view  of  the  DEAN  concept  showing  the 
aerospike  and  combustion  chamber  structural  and  cooling  jackets.  The  concept  assumes  fifty  percent  of  the  full- 
length  aerospike  nozzle  is  cooled. 
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Figure  2  Axial  geometry  for  the  DEAN  chamber  and  aerospike 


III.  Previous  DEAN  Work 

Martin’s  efforts  involved  building  the  first  DEAN  computational  model,  an  engine  power  balance  tool,  using  the 
Numerical  Propulsion  System  Simulation  (NPSS™)  software  tool  [4].  NPSS,  designed  by  the  National  Aeronautics 
and  Space  Administration  (NASA)  and  the  aerospace  propulsion  industry,  is  a  computer  simulation  tool  for 
modeling  aircraft  and  rocket  propulsion  systems  [9].  The  DEAN  model  designed  by  Martin  includes  NPSS 
elements  linked  together  to  accurately  represent  DEAN  engine  components  such  as  the  combustion  chamber, 
aerospike  nozzle,  tanks,  plumbing,  cooling  jackets,  and  turbopumps.  Using  his  DEAN  NPSS  model,  Martin 
performed  an  engine  power  balance  at  a  single  design  point.  This  design  point  not  only  met,  but  also  exceeded  the 
design  performance  goals  proving  the  feasibility  of  the  engine.  Table  1  tabulates  the  performance  parameters  of  the 
DEAN  at  the  design  point  found  by  Martin  [4]. 


Table  1  Past  DEAN  work  design  performance  comparison 


Performance  Parameters 

Design  Goals 

Martin's  Design  Point  [4] 

Simmons'  Design  Point  [5] 

Vacuum  Thrust 

Vacuum  Specific  Impulse 

50,000  lbf  (222  kN) 

464  sec 

57,000  lbf  (254  kN) 

472  sec 

50,900  lbf  (226  kN) 

489  sec 

In  parameterizing  Martin’s  NPSS  model,  Simmons  simplified  the  geometry  of  the  aerospike  nozzle  and  cooling 
volumes  to  linear  approximations  from  higher  order  calculations;  for  example,  Martin  [4]  calculated  the  aerospike 
nozzle  radii  using  the  method  of  characteristics  in  a  separate  effort  [5].  Furthermore,  with  fixed  DEAN  performance 
goals,  Simmons  altered  the  design  variables  to  support  optimization  studies  focusing  on  minimizing  engine  weight 
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and  maximizing  engine  T/W.  Since  geometry  and  material  selection  drive  chamber  and  aerospike  weight  and  the 
propellant  mass  flows  drive  turbopump  weight,  the  NPSS  model  design  variables  were  changed  to  chamber  and 
aerospike  geometries  and  the  propellant  mass  flows  to  the  turbopumps.  These  modifications  to  Martin’s  NPSS 
model  enabled  Simmons  to  create  a  system  level  model. 

Simmons  built  the  system  level  model  of  the  DEAN  using  the  ModelCenter™  software  by  Phoenix  Integration. 
ModelCenter  is  a  diverse  modeling  tool  allowing  designers  to  quickly  and  efficiently  examine  design  trade  spaces 
and  perform  optimization  studies  within  user-specified  design  constraints.  The  DEAN  system  level  model  contained 
the  parametric  NPSS  DEAN  model  along  with  other  required  modeling  elements,  such  as  capability  to  calculate 
fluid  Mach  numbers  through  the  engine  [5], 

Simmons  performed  parametric  trade  studies  with  the  model  over  varying  chamber  lengths,  oxidizer-to-fuel 
ratios  ( O/F ),  and  total  engine  mass  flow  rates  to  determine  design  trade  space  boundaries.  The  results  of  the  trade 
studies  were  significant  in  finding  a  new  starting  point  for  future  optimization  studies  (i.e.  a  potential  optimal  O/F 
value)  and  discovering  if  the  fluid  Mach  numbers  through  the  engine  plumbing  and  cooling  jackets  were  within 
reasonable  subsonic  limits.  Through  the  trade  studies,  Simmons  found  a  design  point  meeting  the  performance 
design  goals  while  reducing  the  system  level  weight  of  the  turbopumps/engine  and  reducing  the  overall  engine 
length  by  25%  compared  to  Martin’s  original  design  point.  Table  1  tabulates  the  performance  parameters  for 
Simmons’  new  design  point  along  with  the  DEAN’s  performance  goals  [5]. 

IV.  Enhanced  System  Level  DEAN  Model 

Hall  further  enhanced  the  system  level  model  created  by  Simmons  in  ModelCenter  and  performed  parametric 
trade  and  optimization  studies  to  find  a  new  DEAN  design  point  providing  maximum  T/W,  while  meeting  the 
performance  design  goals  and  not  violating  physical  and  reusability  constraints  [6],  The  physical  constraints 
involved  maximum  wall  temperatures  less  than  the  material  melting  point,  maximum  wall  stress  less  than  the 
material  ultimate  strength,  and  a  maximum  fluid  Mach  number  through  the  engine  less  than  0.6  and  0.9  for  oxygen 
and  hydrogen  [4],  respectively.  The  reusability  constraints  included  maximum  wall  stress  less  than  the  material 
yield  strength  and  maximum  wall  temperatures  less  than  60%  the  material  melting  point.  Common  metals,  alloys, 
and  ceramics  were  evaluated  in  the  model  to  improve  near-term  manufacturability  of  the  DEAN  engine. 
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A.  Model  Overview 


A  brief  description  of  the  model  will  be  presented.  A  more  detailed  description  of  the  model,  including  all 
assumptions,  logic,  equations,  and  verification  and  validation  cases,  is  provided  by  Hall  [6],  The  enhanced  DEAN 
model  provides  improved  accuracy  in  estimating  system  level  performance  and  weight  by  removing  linear 
approximations,  replacing  them  with  nonlinear  calculations  and  by  incorporating  added  physics  into  the  model. 
Furthermore,  physical  and  reusability  constraints  were  added  to  the  model. 

Similar  to  Simmons’  model,  the  enhanced  model  uses  ModelCenter  and  NPSS  along  with  two  additional 
software  tools:  Two-Dimensional  Kinetics  ’04  (TDK’04™)  by  Software  and  Engineering  Associates,  Inc.  (SEA) 
and  Chemical  Equilibrium  with  Applications  (CEA™)  by  NASA.  ModelCenter  provides  a  user-friendly 
architecture  to  create  a  system-level  model  with  the  additional  capability  to  perform  model  parametric  trade  and 
optimization  studies.  NPSS  serves  to  perform  an  overall  engine  power  balance  accounting  for  each  expander  cycle. 
TDK’04  performs  axisymmetric  method  of  characteristics  (MOC)  calculations  for  aerospike  nozzle  geometry  and 
CEA  is  required  to  perform  chemistry  calculations  as  an  input  into  TDK’04.  To  use  TDK’04  properly,  the  length  of 
the  aerospike  nozzle  was  calculated  using  the  Angelino  approximation  method  [10]. 

The  enhanced  model  contains  four  main  assemblies  each  with  multiple  subassemblies,  subcomponents,  and/or 
convergence  loops: 

1)  The  first  main  assembly  is  “Design Variables”  containing  all  the  system  level  variables  required  to  execute  the 
model.  The  main  variables  are  the  oxidizer-to-fuel  ratio  ( O/F ),  the  engine  mass  flow  rate  ( m ),  combustion  chamber 
length,  aerospike  and  chamber  radius  at  the  injector  face,  material  selection  for  the  aerospike  and  chamber  cooling 
jackets,  aerospike  and  chamber  structural  jackets,  aerospike  nozzle  tip,  and  oxygen  and  hydrogen  plumbing. 
Focusing  on  engine  T/W  optimization,  engine  mass  flow  rate  was  selected  as  a  model  input  causing  throat  area  and 
chamber  pressure  to  be  model  outputs. 

2)  The  second  assembly  is  “LinearDEANModel”;  the  assembly  executes  the  linear  NPSS  DEAN  model  to 
provide  valid  input  estimates  to  the  third  assembly,  “NonLinearDEANModel”.  The  linear  NPSS  model  utilizes 
linear  approximations  developed  by  Simmons  [5]  for  the  aerospike  nozzle  and  uses  bell  nozzle  performance 
calculations. 

3)  The  third  assembly,  “NonLinear  DEAN  Model”,  will  execute  TDK  and  the  nonlinear  NPSS  model  to 
calculate  aerospike  nozzle  geometry  and  certify  the  fluid  mechanics  and  thermo  chemistry  of  the  DEAN  satisfy 
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governing  laws.  Both  the  linear  and  nonlinear  NPSS  models  are  similar  in  that  they  both  balance  the  engine 
expander  cycles  and  both  assume  linear  approximations  for  the  aerospike  geometry  internal  to  the  combustion 
chamber;  however,  the  two  models  differ  in  what  aerospike  nozzle  geometry  is  used  and  how  they  calculate  nozzle 
performance.  Using  an  iterative  approach,  the  nonlinear  NPSS  model  utilizes  the  nonlinear  aerospike  nozzle 
geometry  from  TDK  and  calculates  the  momentum  thrust  of  the  engine.  The  output  momentum  thrust  from  the 
nonlinear  NPSS  model  is  used  in  combination  with  other  ModelCenter  elements  in  the  “DEANPostProcessing” 
assembly  (i.e.  the  nozzle  pressure  thrust  calculated  in  TDK)  to  estimate  total  engine  performance  independently. 

4)  The  last  assembly  is  “Post-Processing”;  the  assembly  post-processes  the  TDK  and  NPSS  data,  such  as 
calculating  the  cooling  jacket  wall  temperatures,  designing  the  chamber  and  aerospike  structural  jackets,  and 
calculating  overall  engine  performance  and  weight.  “Post  processing”  also  renders  the  geometry  of  the  DEAN. 
Figure  3  shows  the  overall  enhanced  system  level  DEAN  model  with  rendered  geometry;  note  each  arrow  in  the 
rendered  geometry  is  12  inches  in  length. 


Figure  3  Enhanced  system  level  ModelCenter  DEAN  model 


Having  both  the  linear  and  nonlinear  NPSS  models  in  the  enhanced  DEAN  model  proved  necessary  for 
successful  model  execution.  Due  to  the  nonlinear  geometry  of  the  cooling  jacket  along  the  first  fifty  percent  of  the 
aerospike  nozzle  extending  from  the  throat,  the  nonlinear  NPSS  model  required  very  accurate  “guesses”  to  converge 
on  a  solution.  The  linear  NPSS  model  converged  much  easier  with  user-input  educated  guesses  and  the  solution 
provided  very  good  input  guesses  for  chamber  pressure,  throat  area,  pressure,  enthalpy,  and  density  profiles  as 
inputs  into  the  nonlinear  NPSS  model. 

An  attempt  was  made  to  parameterize  the  turbopump  inputs  into  the  NPSS  model  using  processes  by  Humble  et 
al,  including  turbopump  efficiency  maps  [11].  Unfortunately,  implementation  resulted  in  the  NPSS  model 
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becoming  very  stiff  especially  with  changes  in  turbopump  shaft  speed;  although  changes  in  pump  and  turbine 


efficiency  values  did  work.  The  decision  was  made  to  keep  the  turbopump  values  constant,  summarized  in  Table  2 
(Martin  [4]),  for  the  remainder  of  the  work  effort.  Future  efforts  need  to  incorporate  dynamic  turbopump  models  to 
improve  fidelity  and  functionality  of  the  optimization  model. 

Table  2  Turbopump  parameters  from  Martin  [4] 


characteristics  calculates  aerospike  nozzle  geometry  at  the  nozzle  design  altitude.  At  the  nozzle  design  altitude,  the 
exhaust  flow  at  the  chamber  exit  lip  will  follow  a  parallel  path  from  the  centerline  to  the  exit  plane  [12], 

The  Angelino  approximation  method  for  an  axisymmetric  plug  nozzle  was  employed  to  determine  throat 
geometry  for  an  aerospike  engine  designed  to  operate  in  near  vacuum  conditions  (1  Pascal);  the  DEAN  being  an 
upper  stage  has  a  vacuum  operational  environment  [10].  The  results  gave  an  unmanufacturable  throat  with  a  fluid 
flow  passage  between  the  chamber  and  aerospike  at  the  throat  of  1/1000  inch  (2.54e-3  cm).  Furthermore,  the 
approximation  resulted  in  unrealistic  chamber  and  aerospike  throat  radii  and  aerospike  length,  proving  a  near 
vacuum  equivalent  design  altitude  is  not  practical.  Therefore,  a  more  realistic  nozzle  design  for  an  upper  stage 
aerospike  engine  would  be  a  lower  design  altitude  (higher  ambient  pressure). 

With  a  lower  engine  design  altitude  and  operation  in  the  vacuum  of  space,  the  aerospike  nozzle  exhaust  flow  will 
expand  radially  outward  from  the  chamber  exit  lip  and  the  nozzle  overall  will  behave  more  like  a  conventional  bell 
nozzle  [8,  12].  How  much  the  flow  expands  radially  outward  depends  on  the  interaction  of  the  flow  with  the 
ambient  conditions;  as  a  result,  the  flow  exit  area  and  engine  expansion  ratio  are  variable.  The  flow  exit  area  will  at 
least  be  equal  to  the  chamber  exit  lip,  or  cowl,  area  (design  altitude  exit  area)  defining  a  minimum  expansion  ratio 
based  on  engine  geometry  for  operation  at  or  above  the  nozzle  design  altitude. 

Using  the  same  design  variable  inputs,  Table  3  compares  the  performance  for  an  assumed  expansion  ratio  of  125 
(used  in  previous  work)  and  the  performance  parameters  for  Simmons’  DEAN  geometry  operating  at  its  design 
altitude  using  the  linear  NPSS  model.  The  linear  NPSS  model  results  in  an  expansion  ratio  and  engine  performance 
using  the  chamber  exit  lip  radius  input  and  the  calculated  NPSS  throat  area.  The  calculated  expansion  ratio  based  on 
nozzle  geometry  is  much  less  than  the  assumed  expansion  ratio  showing  current  performance  calculations  are  less 
than  those  previously  determined. 


Table  3  Comparison  of  performance  parameters  due  to  expansion  ratio 


DEAN  Model  -  Assumed 
Expansion  Ratio  [5] 

Linear  DEAN  Model  - 
Calculated  Expansion  Ratio  [6] 

Expansion  Ratio 

125 

4.16 

Vacuum  Thrust 

50,900  lbf  (226  kN) 

40,396  lbf  (179.7  kN) 

Vacuum  Specific  Impulse 

489  s 

388  s 

For  aerospike  nozzles,  the  design  altitude  expansion  ratio  is  a  more  accurate  approach  to  engine  performance 
estimation,  as  opposed  to  assuming  an  expansion  ratio.  Aerospike  nozzle  performance  is  improved  by  increasing 
the  expansion  ratio  by  geometrically  increasing  the  chamber  exit  lip  radius  and/or  decreasing  the  throat  area. 
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Hall  completed  basic  engine  performance  verification  and  validation  of  Simmons’  DEAN  system  level  model 
[5],  With  the  input  expansion  ratio,  the  system  level  model  by  Simmons  calculated  similar  performance  compared 
to  the  ideal  rocket  performance  equations  and  CEA.  All  of  Simmons’  trade  studies  were  re-accomplished  and 
compared  with  the  enhanced  linear  NPSS  model.  Simmons’  and  Hall’s  results  were  nearly  identical  with  only  small 
magnitude  differences  (consistent  with  a  decreased  expansion  ratio),  proving  the  change  in  expansion  ratio  does  not 
influence  validity  of  the  enhanced  DEAN  model  [6], 

The  linear  DEAN  NPSS  model  relies  on  bell  nozzle  design  performance  calculations.  For  the  aerospike,  the 
equation  to  calculate  thrust  is  slightly  different.  According  to  Sutton  and  Biblarz,  the  thrust  of  an  aerospike  nozzle 
consists  of  three  components  [13].  First,  there  is  the  axial  thrust  component  through  the  throat;  momentum  thrust. 
Second,  the  pressure  distribution  or  integral  of  pressure  acting  on  the  length  of  the  aerospike  over  the  spike  cross- 
sectional  area;  nozzle  pressure  thrust.  Third,  if  the  aerospike  is  truncated,  the  pressure  acting  over  the  base  area; 
base  pressure  thrust.  The  sum  of  the  three  thrust  components  equals  the  total  thrust  value  ( F)  for  the  engine.  The 
equation  presented  by  Sutton  and  Biblarz  does  not  account  for  the  “negative  effect  of  the  slipstream  of  air  around  the 
engine  (which  causes  a  low-pressure  region)  and  the  friction  on  the  aerospike”  [13].  The  third  thrust  component 
only  applies  if  the  full-length  aerospike  nozzle  is  truncated. 

For  a  truncated  nozzle,  the  subsonic  recirculating  flow  acting  along  the  truncated  nozzle  base  (base  flow)  will 
interact  with  the  primary  exhaust  flow.  This  interaction  leads  to  the  subsonic  base  flow  forming  an  aerodynamic 
spike  that  mimics  an  ideal  isentropic  spike  [8],  The  main  exhaust  flow  will  continue  to  expand  against  the  subsonic 
base  flow.  How  much  the  exhaust  flow  expands  along  the  aerodynamic  spike  may  vary.  Instead  of  performing  a 
detailed  computational  analysis  of  the  flow  field  during  system  level  nozzle  truncation  studies,  the  enhanced  DEAN 
model  assumes  the  flow  fully  expands  to  the  full-length  aerospike  exit  pressure.  With  this  assumption,  the 
truncation  thrust  component  is  negligible. 

Another  thrust  component  exists,  designated  Fnondesign,  when  the  nozzle  operates  at  altitudes  other  than  the  design 
altitude.  F„ondesign  is  a  function  of  nozzle  exit  area  and  the  difference  between  the  ambient  and  nozzle  exit  pressures. 
In  the  enhanced  DEAN  model  this  thrust  component  is  independent  of  nozzle  truncation  due  to  the  full  flow 
expansion  assumption. 

The  estimated  total  system  level  thrust  (F)  for  the  DEAN,  regardless  if  the  nozzle  is  truncated  or  full-length,  is 
equivalent  to  equation  1 : 
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F  [TTLV  COS  9  +  (p  Vamb)^  ]  +  J  pdA  +  FnonC[esign  +  Fcowl  (1) 

where  m  is  the  total  propellant  flow  rate,  v*  is  the  throat  velocity,  9  is  the  angle  of  flow  to  the  centerline  of  the  spike, 
p  is  the  throat  pressure,  pamp  is  the  ambient  pressure,  A *  is  the  throat  area ,pdA  is  the  pressure  acting  on  the  nozzle  at 
differential  cross-sectional  areas,  Fnondesign  is  the  thrust  component  due  to  nozzle  operation  at  altitudes  other  than  the 
design  altitude,  and  Fcow/  is  the  thrust  acting  on  the  chamber  exit  lip  (calculated  in  TDK’04).  The  total  thrust  value 
takes  into  account  aerospike  nozzle  viscous  losses.  Specific  impulse  is  calculated  as  a  function  of  total  thrust  and 
engine  weight  flow. 

C.  Engine  Weight  and  Thrust-to-Weight  Ratio  Estimation 

Seven  DEAN  components  utilize  material  properties  for  structural  analyses  and  weight  estimation.  Material 
selection  is  required  for  the  combustion  chamber  and  aerospike  structural  and  cooling  jackets,  the  aerospike  nozzle 
tip  (also  known  as  the  uncooled  portion  of  the  aerospike  nozzle),  and  the  oxygen  and  hydrogen  plumbing.  The  mass 
of  the  injectors  and  oxidizer  dome  are  assumed  part  of  the  combustion  chamber  and  aerospike  masses  and  the  mass 
of  the  manifolds  at  the  start  and  end  of  the  cooling  jackets  are  assumed  part  of  the  cooling  jacket  mass. 

Thirteen  different  materials  were  selected  for  the  DEAN  design  based  on  their  compatibility  with  the  propellants. 
Table  4  summarizes  the  materials  used  in  the  DEAN  model  and  summarizes  what  materials  are  useable  for  the 
individual  engine  components.  Some  materials  are  useable  only  if  they  are  not  exposed  to  the  propellants  (i.e. 
aluminum  and  titanium).  In  addition,  different  materials  are  useable  for  different  engine  components.  The 
interaction  of  dissimilar  metals  is  realistic;  however,  there  are  varieties  of  methods  available  to  minimize  galvanic 
corrosion.  The  DEAN  model  assumes  galvanic  corrosion  is  not  an  influential  design  factor. 

The  material  properties  utilized  in  the  DEAN  model  include  material  density,  material  melting  point,  thermal 
conductivity,  ultimate  tensile  strength,  and  yield  strength.  The  properties,  where  appropriate,  are  coded  as  functions 
of  temperature  to  improve  accuracy  to  the  structural  analyses  for  the  walls  separating  the  coolant  and  combusted 
gases;  these  walls  experience  both  hot  chamber  temperatures  and  cold  coolant  temperatures.  Material  properties, 
collected  from  [14-22],  are  a  function  of  how  the  engine  components  are  manufactured  and  of  the  purity  of  the 
material.  Future  work  should  further  evaluate  the  material  properties  for  more  accurate  heat  transfer  and  mass 
estimation  calculations. 
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Table  4  Materials  compatible  with  engine  components 


Material 

Propellant  Compatibility  /  Selected  Use  on  DEAN 

Pure  Copper  (Annealed) 

Silicon  Carbide  (Highly-Pure) 

INCOLOY®  909  (Age  Hardened) 

HAYNES®  188  alloy  (Bright  Annealed) 
Beryllium  Copper  (C17000  TH04) 
Oxygen-Free  Copper  (C10100  1180  Temper) 
Cobalt  (Forged  Electrolytic) 

Compatible  with  0?  and  H2  /  Useable  for  chamber 
and  aerospike  cooling  jacket,  structural  jacket,  and 

02  and  H2  plumbing 

INCONEL  ®  718  (Annealed  &  Aged) 
INCONEL®  625  (Annealed) 

Compatible  with  02  /  Useable  for  chamber  cooling 
jacket,  structural  jacket,  and  02  plumbing 

Aluminum  7075  T6 

Aluminum  2024  T6 

Titanium  (ASTM  Grade  3,  99.1%  Ti) 

Not  compatible  with  02  or  H2  /  Useable  for  chamber 
and  aerospike  structural  jacket  as  long  as  propellant 
contact  does  not  occur 

Pure  Niobium 

Compatible  with  Exhaust  /  Useable  for  uncooled 
portion  of  aerospike  nozzle 

The  total  aerospike  and  chamber  weight  is  equal  to  the  combined  weight  of  the  structural  and  cooling  jackets. 
The  total  aerospike  weight  also  includes  the  weight  of  the  uncooled  nozzle  tip.  In  an  attempt  to  minimize  aerospike 
weight,  the  inner  wall  of  the  aerospike  is  simplified  to  a  bored  hole  with  a  truncated  cone  at  the  end,  reference 
Figure  2.  This  hole  also  serves  to  improve  aerospike  fabrication  and  allow  an  open  space  for  running  plumbing  to 
the  hydrogen  cooling  jacket. 

The  total  engine  weight  is  equal  to  the  sum  of  the  chamber,  aerospike,  turbopump,  plumbing,  and  hardware 
weights,  not  including  propellant  weight.  System  level  turbopump  weight  is  a  function  of  the  oxidizer-to-fuel  ratio 
and  the  engine  mass  flow  rate  using  relationships  from  Humble  et  al.  [11].  In  calculating  the  fuel  and  oxidizer 
plumbing  weight,  a  conservative  pipe  length  was  assumed  to  equal  twice  the  total  engine  length  (chamber  length 
plus  nozzle  length).  Ideally  the  turbopumps  will  be  close  to  the  chamber  injector  face  minimizing  the  length  of  the 
plumbing.  A  detailed  engine  layout  needs  to  be  accomplished  as  a  future  task  for  increased  fidelity  in  estimating 
plumbing  weight.  Hardware  weight  is  assumed  equal  to  a  conservative  estimate  of  5%  the  sum  of  the  aerospike, 
chamber,  LOX  turbopump,  LH2  turbopump  and  plumbing  weights.  Hardware  accounts  for  rivets,  nuts,  bolts, 
wiring,  etc.  With  the  known  total  engine  weight,  the  T/W  is  calculated. 

V.  Results  and  Analysis 

The  enhanced  DEAN  model  was  used  in  two  distinct  ways.  First,  trade  studies  of  the  solution  space  and  the 
individual  key  design  variables  were  performed  to  understand  the  influence  of  the  variables  on  the  DEAN  design 
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and  to  find  a  new  design  point  meeting  the  engine  performance  design  goals.  Second,  the  new  design  point  was 
optimized  for  maximum  thrust-to-weight  while  meeting  reusability  and  physical  constraints. 

A.  Trade  Study  Design  Variables 

The  key  design  variables  influencing  DEAN  performance  are  chamber  and  aerospike  radii  at  the  injector  face, 
chamber  length,  engine  mass  flow  rate  and  O/F.  The  key  design  variables  influencing  DEAN  T/W  are  engine 
component  material  selection  and  the  material  strength  option  (ultimate  or  yield  strength).  The  model  requires  other 
inputs  to  execute;  however,  these  inputs  are  secondary  design  variables  for  execution  of  NPSS  and  TDK.  Trade 
studies  were  performed  on  these  secondary  design  variables  and,  based  on  the  results,  a  single  variable  value  giving 
improved  NPSS  and  TDK  model  flexibility  was  selected  and  assigned  for  the  remainder  of  the  work  [6]. 
Turbopump  variable  inputs  remained  constant  for  the  trade  studies  as  shown  in  Table  2. 

Key  DEAN  design  variable  limits  were  chosen,  as  shown  in  Table  5,  constraining  the  solution  space  to  provide 
realistic  results.  For  example,  the  range  of  chamber  length  is  highly  dependent  on  the  range  of  chamber  and 
aerospike  radii  at  the  injector  face.  Chamber  length,  chamber  radius  and  aerospike  radius  have  to  create  a  large 
enough  combustion  chamber  volume  equal  to  or  greater  than  the  characteristic  length  of  the  propellant  to  maximize 
combustion  and  engine  performance.  For  the  trades,  the  O/F  value  was  held  constant  at  6.0;  the  optimal  value  found 
by  Simmons  [5], 


Table  5  DEAN  design  variable  ranges 


Design  Variables 

Range 

Engine  Mass  Flow  Rate 

85  -  130  lbm/s  (38.6  -  59.0  kg/s) 

Chamber  Length 

14-26  in  (35.6  -66  cm) 

Chamber  Radius  at  Injector  Face 

5-20  in  (12.7 -50.8  cm) 

Aerospike  Radius  at  Injector  Face 

5-20  in  (12.7 -50.8  cm) 

Material  Strength  Option 

Ultimate  Tensile,  Yield 

Percent  Aerospike  Nozzle  Truncation 

0  -  100% 

B.  Trade  &  Optimization  Studies  to  find  new  DEAN  design  point 

To  improve  engine  performance  an  increase  in  the  engine’s  expansion  ratio  is  required.  This  is  accomplished  by 
a  decrease  in  throat  area  or  an  increase  in  exit  area.  Trade  studies  of  the  design  variables  were  performed  with  the 
goal  of  finding  a  new  design  point  meeting  the  performance  design  goals  with  a  greater  expansion  ratio. 
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Trade  studies  were  initially  performed  on  the  engine  mass  flow  rate,  chamber  length,  and  aerospike  radius  at  the 
injector  face  design  variables  to  understand  the  influence  of  each  variable  of  the  engine  design’s  performance.  The 
results  of  the  studies  showed,  without  changing  the  chamber  radius,  the  designer  could  decrease  the  engine  throat 
area  thus  improving  the  expansion  ratio  and  vacuum  performance  of  the  DEAN.  Best  performance  is  achieved  for 
an  aerospike  radius  close  to  the  chamber  radius  at  the  injector  face  with  a  long  chamber  length  and  low  mass  flow 
rate.  However,  an  engine  with  these  design  characteristics  may  not  be  physically  possible  due  to  high  wall 
temperatures,  which  may  violate  the  material  melting  point  physical  constraint;  higher  wall  temperatures  are 
associated  with  higher  chamber  pressures  leading  to  increased  performance. 

For  an  aerospike  nozzle,  the  exit  area  is  increased  by  increasing  the  chamber  exit  lip  radius,  which  is  a  function 
of  the  chamber  radius  at  the  injector  face  design  variable.  A  detailed  design  of  experiments  (DOE)  was  performed 
to  evaluate  the  influence  of  chamber  radii  on  engine  performance.  To  maximize  NPSS  convergence,  the  mass  flow 
rate  was  held  constant  at  130  lbm/s  (59.0  kg/s).  The  chamber  length,  aerospike  radius,  and  chamber  radius  had 
variable  ranges  shown  in  Table  5.  Each  was  varied  for  a  total  of  1,784  experiments.  Out  of  the  1,784  experiments, 
442  successfully  demonstrated  potential  to  meet  the  overall  objectives.  Figure  4  plots  vacuum  specific  impulse  as  a 
function  of  chamber  radius  for  the  successful  design  points. 
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Chamber  Radius  (in) 

Figure  4  Influence  of  chamber  radius  on  vacuum  specific  impulse 

Figure  4  shows  increasing  the  chamber  radius  does  not  automatically  equate  to  a  higher  vacuum  specific 
impulse.  The  influence  of  increasing  chamber  radius  is  most  clearly  recognized  at  the  data  points  close  to  the  lower 
dotted  line.  As  chamber  radius  increases,  the  expansion  ratio  increases  leading  to  an  increase  in  vacuum  specific 
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impulse.  The  data  points  close  to  the  lower  dotted  line  in  Figure  4  represent  engine  designs  with  shorter  chamber 
lengths  and  smaller  aerospike  radii  that  result  in  lower  chamber  pressures,  higher  throat  areas,  lower  expansion 
ratios  and  lower  vacuum  specific  impulse.  In  contrast,  the  data  points  close  to  the  upper  dotted  line  represent 
engines  with  long  chamber  lengths  and  aerospike  radii  close  to  the  chamber  radii.  The  result  is  higher  chamber 
pressures,  smaller  throat  areas,  higher  expansion  ratios  and  improved  vacuum  performance.  Clearly  seen  in  Figure  4 
is  the  difference  in  vacuum  specific  impulse  between  the  upper  and  lower  ranges  is  not  due  to  an  increase  in 
chamber  radius  alone. 

The  influence  of  chamber  radius,  aerospike  radius  and  chamber  length  on  vacuum  specific  impulse  can  be  seen 
in  the  results  represented  in  Figure  5  with  chamber  radius  on  the  x-axis,  chamber  length  on  the  y-axis  and  aerospike 
radius  on  the  z-axis.  The  shade  and  size  of  the  boxes  in  the  glyph  plot  relate  to  vacuum  specific  impulse.  The  small 
boxes  are  lower  vacuum  specific  impulse,  while  the  large  boxes  are  higher  vacuum  specific  impulse;  the  two  highest 
vacuum  specific  impulse  design  points  are  circled  for  emphasis. 


Figure  5  Influence  of  design  variables  on  vacuum  specific  impulse 

The  conclusion  is  to  obtain  high  vacuum  specific  impulse,  increasing  chamber  radius  combined  with  a  long 
chamber  length  and  an  aerospike  radius  close  to  the  chamber  radius  is  required.  The  expansion  ratio  will  be  larger 
with  increased  chamber  exit  lip  radius  and  a  smaller  throat  area.  The  high  specific  impulse  designs  have  high  wall 
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temperatures  leading  to  low  T/W  (less  desirable).  Due  to  the  high  wall  temperatures,  the  material  strength  is  lower 
causing  increased  structural  and  cooling  jacket  thicknesses  and  engine  weight. 

Figure  6  highlights  the  relationship  between  vacuum  specific  impulse  and  T/W.  The  vacuum  thrust  range  for  the 
successful  designs  is  55,000  to  62,000  lbf  (224.7  to  275.8  kN);  higher  than  the  design  goal  due  primarily  to  the 
assumed  mass  flow  rate.  The  vacuum  specific  impulse  design  goal  of  464  seconds  and  the  T/W  design  goal  of  106.5 
are  also  shown.  The  best  material  selection  found  in  previous  work  [23]  was  used  to  estimate  T/W.  The  square 
boxes  represent  design  points  where  the  chamber  and/or  aerospike  maximum  wall  temperature  exceeded  the 
material  melting  point.  The  circles  represent  design  points  with  chamber  and/or  aerospike  maximum  wall 
temperatures  above  the  60%  melting  point  reusability  goal.  The  diamonds  represent  design  points  with  wall 
temperatures  below  the  60%  melting  point  reusability  goal. 


420  430  440  450  460  470  480 


Vacuum  Specific  Impulse  (sec) 

■  Wall  Temp  >MeltingPoint  •  Wall  Temp  >  60%  MeltingPoint  ♦  WallTemp  <60%MeltingPoint 

Figure  6  T/W  and  vacuum  specific  impulse  of  potential  DEAN  designs 

Surprisingly,  acceptable  designs  both  meeting  the  T/W  design  goal  and  below  the  wall  temperature  reusability 
goal  congregate  around  425  to  435  seconds  vacuum  specific  impulse.  To  obtain  high  vacuum  specific  impulse, 
higher  wall  temperatures  are  expected  with  low  T/W.  The  low  T/W  is  due  to  lower  material  strength  from  the 
increased  wall  and  coolant  temperatures  leading  to  increased  structural  jacket  thicknesses.  Furthermore,  higher 
vacuum  specific  impulses  occur  for  long  chamber  lengths  and  large  chamber  and  aerospike  radii  leading  to  more 
material  volume  and  high  component  weights. 

One  result  of  this  study  is  identifying  the  need  to  evaluate  the  DOE  solution  space  and  determine  if  parameter 
ranges  can  be  expanded.  The  acceptable  designs  led  to  NPSS  numerical  convergence  with  set  NPSS  inputs  (i.e. 
cooling  channel  geometry  and  percentage  of  oxygen  bypassing  the  turbine);  however,  potential  future  designs  need 
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to  be  explored  (i.e.  vary  mass  flow  rates).  With  the  current  DOE  results,  the  best  DEAN  designs  meeting  the  thrust 


and  T/W  design  goals  and  meeting  physical  constraints  (both  wall  temperature  and  Mach  numbers)  are  the  designs 
with  a  vacuum  specific  impulse  of  430  seconds.  To  meet  the  other  design  goals  (i.e.  T/W),  the  vacuum  specific 
impulse  design  goal  cannot  currently  be  met.  The  result  suggests  design  choices  and  assumptions  need  to  be 
readdressed  in  future  efforts  to  expand  the  design  solution  space. 

Table  6  identifies  an  engine  that  meets  the  performance  design  goals  but  does  not  meet  the  T/W  and  reusability 
design  goals  using  the  best  material  selection  in  [23].  To  increase  the  engine  T/W  and  lower  the  performance  values 
closer  to  the  design  goals,  the  aerospike  nozzle  was  truncated.  The  chamber  and  aerospike  wall  percent  melting 
points  are  extremely  high  and,  realistically,  too  close  to  the  melting  point  to  be  considered  practical.  Although  the 
engine  in  Table  6  does  meet  the  vacuum  specific  impulse  performance  design  goals,  the  high  wall  temperatures 
(chamber  and  aerospike  percent  melt)  and  low  T/W  make  the  design  undesirable. 


Table  6  DEAN  design  meeting  performance  design  goals 


Design  Variables 

Response  Variables 

O/F 

6.0 

Vacuum  Thrust 

51,225  lbf  (227.9  kN) 

Engine  Mass  Flow 

110  lbm/s  (50.0  kg/s) 

Vacuum  Specific  Impulse 

465.7  s 

Chamber  Length 

21.7  in  (55.1  cm) 

T/W 

27.7 

Chamber  Radius 

17.9  in  (45.5  cm) 

Total  Engine  Weight 

1852.4  lb  (840.2  kg) 

Aerospike  Radius 

15.7  in  (39.9  cm) 

Chamber  Percent  Melt 

93% 

Percent  Nozzle  Truncation 

84.50% 

Aerospike  Percent  Melt 

92% 

Chamber  Pressure 

2884  psia  (19.9  MPa) 

Throat  Area 

9.34  in2  (60.3  cm2) 

A  full-length  nozzle  DEAN  design  that  does  meet  the  T/W,  reusability  and  vacuum  thrust  design  goals,  but 
misses  the  vacuum  specific  impulse  design  goal,  is  tabulated  in  Table  7.  This  design  was  chosen  for  continued  T/W 
optimization  studies  due  to  meeting  the  majority  of  the  design  goals,  including  the  maximum  fluid  Mach  number 
physical  constraint,  as  opposed  to  the  design  in  Table  6. 


Table  7  Best  DEAN  design  variables 


Design  Variables 

Response  Variables 

O/F 

6.0 

Vacuum  Thrust 

50,161  lbf  (223.1  kN) 

Engine  Mass  Flow 

116.5  lbm/s  (52.8  kg/s) 

Vacuum  Specific  Impulse 

430.6  s 

Chamber  Length 

14.5  in  (36.8  cm) 

Chamber  Pressure 

1,548  psia  (10.7  MPa) 

Chamber  Radius 

6.0  in  (15.2  cm) 

Throat  Area 

18.0  in2  (116.1  cm2) 

Aerospike  Radius 

4.5  in  (1 1.4  cm) 

Total  Engine  Length 

26.7  in  (67.8  cm) 
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C.  Engine  Thrust-to-Weight  Ratio  Optimization 

With  the  new  design  point,  the  next  step  focused  on  optimizing  the  design  for  maximum  T/W  while  meeting  the 
physical  structural  and  reusability  constraints.  To  meet  the  physical  structural  constraints,  the  maximum  cooling  and 
structural  jacket  wall  stress  must  be  less  than  the  material’s  ultimate  tensile  strength.  In  order  for  the  DEAN  to  be 
considered  reusable,  the  maximum  wall  temperature  compared  to  the  material  melting  point  must  be  less  than  or 
equal  to  60%.  In  addition,  for  reusability,  permanent  deformation  is  unacceptable  and  the  material  strength  option  is 
set  to  yield  strength  with  a  conservative  factor  of  safety  of  1.5. 

The  component  material  selection  maximizing  (“best”)  and  minimizing  (“worst”)  T/W  was  found  for  each  engine 
component  to  bound  potential  T/W  values  for  the  new  DEAN  design.  The  seven  engine  components  influenced  by 
material  selection  in  the  model  are  chamber  cooling  and  structural  jackets,  aerospike  cooling  and  structural  jackets, 
aerospike  nozzle  tip,  and  hydrogen  and  oxygen  plumbing.  The  system  level  hydrogen  and  oxygen  turbopump 
weight  was  neglected  for  this  portion  of  the  study  since  it  is  a  function  of  engine  mass  flow  rate  and  not  influenced 
by  material  selection.  Table  8  tabulates  the  engine  component  and  the  corresponding  best  and  worst  material 
selection.  The  bound  T/W  values  for  the  different  material  strengths  are  in  Table  9.  For  low  density,  high  strength 
materials,  such  as  aluminum  7075  T6,  the  difference  in  T/W  between  ultimate  and  yield  strength  is  minimal  (~3%). 
However,  for  highly  conductive,  high  density  materials,  such  as  pure  copper,  there  is  approximately  an  82% 
decrease  in  T/W  from  changing  the  material  strength  option  from  ultimate  tensile  to  yield  strength. 


Table  8  Material  selection  for  maximum  and  minimum  T/W 


Engine  Component 

Best  Material  Selection 

Worst  Material  Selection 

Chamber  Cooling  Jacket 

Silicon  Carbide 

Copper 

Aerospike  Cooling  Jacket 

Silicon  Carbide 

Alloy  188 

Chamber  Structural  Jacket 

Aluminum  7075  T6 

Copper 

Aerospike  Structural  Jacket 

Aluminum  7075  T6 

Copper 

Aerospike  Nozzle  Tip 

Silicon  Carbide 

Alloy  188 

Hydrogen  Plumbing 

INCOLOY  909 

Copper 

Oxygen  Plumbing 

INCONEL  718 

Copper 

Table  9  Impact  of  material  strength  on  T/W 

Worst  Material  Selection  Best  Material  Selection 

Yield  Strength  Ultimate  Strength  Yield  Strength  Ultimate  Strength 
T/W  12.4  69.2  172.3  176.5 
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The  chamber,  and  more  specifically  the  chamber  structural  jacket,  accounts  for  the  highest  percentage  of  total 
engine  weight  for  the  worst  material  selection.  Conversely,  for  the  best  material  selection,  the  engine  component 
with  the  highest  percentage  of  total  engine  weight  is  the  oxidizer  turbopump.  For  different  material  selections,  the 
engine  components  with  the  most  influence  on  total  engine  weight  will  be  the  structural  jackets  and  turbopumps. 
The  influence  of  the  structural  jackets  is  reasonable  since  the  structural  jackets  have  the  most  volume  out  of  any 
engine  component.  As  high  strength,  low  density,  good  conductivity  materials  are  utilized,  the  combined  fuel  and 
oxidizer  turbopump  weight  will  remain  constant  while  other  components  will  decrease  in  weight  causing  the  ratio  of 
turbopump  weight  to  total  engine  weight  to  increase.  The  turbopump  influence  on  overall  engine  weight  is  coupled 
to  the  O/F  ratio  and  the  engine  mass  flow  rate. 

The  cooling  jacket  material  selection  has  very  little  influence  on  the  engine  T/W;  however,  the  material  selection 
has  a  large  influence  on  whether  the  chamber  and  aerospike  cooling  jacket  walls  will  melt.  The  bar  plot  in  Figure  7 
shows  the  influence  of  material  selection  on  the  maximum  wall  temperature  as  a  function  of  material  melting  point 
(percent  material  melting  point).  NPSS  calculates  a  constant  convection  heat  transfer  coefficient  on  the  hot  and  cold 
side  of  the  cooling  jacket  wall.  The  calculated  maximum  wall  temperature  for  each  material  is  different  only 
because  of  differences  in  the  thermal  conductivity  and  strength  of  the  material  (required  wall  thickness).  Thicker 
cooling  jackets  result  in  higher  maximum  wall  temperatures  (distance  between  hot  gases  and  coolant).  Therefore, 
the  bars  representing  different  materials  in  Figure  7  correspond  to  different  maximum  wall  temperatures  and  cooling 
jacket  thicknesses. 

For  the  current  trade  study,  only  one  material  option  for  the  chamber  and  three  for  the  aerospike  meet  the  60% 
melting  point  reusability  goal.  The  plumbing  and  aerospike  nozzle  tip  have  very  little  influence  over  the  engine 
T/W.  Material  selection  for  those  components  is  kept  constant  (nickel  alloys  for  the  plumbing  and  silicon  carbide  for 
the  aerospike  nozzle  tip). 

The  best  material  selection  exceeds  the  T/W  design  goal.  For  the  engine  components  requiring  material  selection 
in  the  DEAN  model,  the  structural  jackets  have  the  most  influence  on  the  engine  T/W;  therefore,  the  material 
selections  for  only  the  chamber  and  aerospike  structural  jackets  were  allowed  to  vary  in  this  trade  study.  The  goal 
was  to  find  multiple  material  selections  for  the  structural  jackets  meeting  or  exceeding  the  engine  T/W  requirement. 
Ten  material  selections  meet  this  requirement  for  the  aerospike  and  twelve  for  the  chamber  structural  jackets,  120 
total  material  combinations.  The  design  T/W  range  using  the  material’s  yield  strength  to  meet  reusability  constraints 
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is  14  to  171.  Numerous  material  selections  meet  or  exceed  the  T/W  design  goal  of  106.5.  Copper  chamber 
structural  jackets  result  in  low  T/W.  Aluminum  7075  T6  or  silicon  carbide  structural  jackets  result  in  high  T/W. 
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Figure  7  Influence  of  material  selection  on  cooling  jacket  wall  temperature 

To  improve  aerospike  manufacturability  for  a  reusable  engine,  the  same  material  will  be  utilized  for  the 
aerospike  cooling  jacket,  structural  jacket  and  the  uncooled  aerospike  nozzle  tip.  Although  with  the  highest 
component  T/W,  a  silicon  carbide  aerospike  cooling  jacket  with  an  aluminum  structural  jacket  would  be  both 
difficult  to  manufacture  as  well  as  assemble  due  to  the  complex  geometry  of  the  nozzle.  Using  the  same  material 
simplifies  the  process  by  allowing  the  manufacturer  to  fabricate  both  the  structural  jacket  and  cooling  jacket  at  the 
same  time  with  one  piece  of  material.  Therefore,  only  oxygen-free  copper  and  pure  copper  remain  as  potential 
aerospike  materials  from  Figure  7;  the  cooling  jacket  material  is  the  limiting  factor  for  aerospike  material  selection. 

Utilizing  oxygen-free  copper  for  all  aerospike  components  had  better  total  engine  T/W  over  the  pure  copper. 
Annealed  pure  copper  and  heat-treated  oxygen-free  copper  material  properties  were  incorporated  into  the  system 
level  model.  The  heat  treatment  for  the  oxygen-free  copper  improves  material  strength  accounting  for  the  difference 
in  the  T/W  between  the  very  similar  copper  materials.  To  meet  the  reusability  and  T/W  design  goals,  the  best 
manufacturing  design  used  oxygen-free  copper  for  all  aerospike  components,  aluminum  and  silicon  carbide  for  the 
chamber  and  nickel  alloys  for  the  plumbing. 

Nozzle  truncation  studies  were  performed  to  determine  if  nozzle  truncation  leads  to  improvements  in  T/W 
with  minimal  performance  losses.  Results  showed  T/W  improvements  depend  on  how  much  the  aerospike  is 
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truncated.  Initially  engine  T/W  increases  as  nozzle  truncation  increases  due  to  a  larger  loss  in  aerospike  nozzle  mass 
compared  to  the  performance  lost.  However,  at  a  certain  point  a  transition  occurs  where  T/W  decreases  for  increased 
truncation  compared  to  the  full-length  nozzle.  This  transition,  occurring  at  approximately  50%  truncation  for  this 
study,  is  due  to  the  loss  in  performance  being  greater  than  the  loss  in  aerospike  nozzle  mass.  For  clarity,  nozzle 
truncation  refers  to  a  specific  length  of  the  nozzle  being  removed  from  the  hill-length  nozzle  tip.  As  an  example,  the 
vacuum  specific  impulse,  T/W,  and  engine  length  losses  at  75%  nozzle  truncation  compared  to  the  full-length  nozzle 
are  -3.1%,  -1.5%,  and  -34%,  respectively.  The  benefit  of  nozzle  truncation  for  upper  stage  applications  is 
recognized  with  the  engine  length.  By  decreasing  the  engine  length,  there  are  indirect  benefits  to  the  total  launch 
vehicle.  For  example,  a  shorter  upper  stage  engine  leads  to  a  shorter,  lighter  interstage.  Since  the  current  DEAN 
design  does  not  meet  the  specific  impulse  goal,  the  best  DEAN  design  utilizes  the  full-length  aerospike  nozzle  for 
maximum  performance  neglecting  any  benefits  of  nozzle  truncation. 

D.  Best  DEAN  Design 

The  best  DEAN  design  from  this  study  utilizes  the  full-length  aerospike  nozzle  using  the  design  variables  in 
Table  10  and  materials  in  Table  11. 


Table  10  Best  DEAN  design  variables 


Design  Variables 

Response  Variables 

O/F 

6.0 

Vacuum  Thrust 

50,161  lbf  (223.1  kN) 

Engine  Mass  Flow 

116.5  lbm/s  (52.8  kg/s) 

Vacuum  Specific  Impulse 

430.6  s 

Chamber  Length 

14.5  in  (36.8  cm) 

Thrust-to-Weight  Ratio 

142.2 

Chamber  Radius 

6.0  in  (15.2  cm) 

Chamber  Pressure 

1,548  psia  (10.7  MPa) 

Aerospike  Radius 

4.5  in  (1 1.4  cm) 

Throat  Area 

18.0  in2  (116.1  cm2) 

Total  Engine  Length 

26.7  in  (67.8  cm) 

Total  Engine  Weight 

352.7  lb  (160.0  kg) 

Table  11  Materials  for  best  DEAN  design 


Engine  Component 

Material  Selection 

Chamber  Cooling  Jacket 

Silicon  Carbide 

Chamber  Structural  Jacket 

Aluminum  7075  T6 

Aerospike  Cooling  Jacket 

Oxygen-Free  Copper 

Aerospike  Structural  Jacket 

Oxygen-Free  Copper 

Aerospike  Nozzle  Tip 

Oxygen-Free  Copper 

Hydrogen  Plumbing 

INCOLOY  909 

Oxygen  Plumbing 

INCONEL  718 
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The  performance  values  for  the  final  design  meet  the  vacuum  thrust  and  T/W  design  goals;  the  performance 


values  are  50,161  lbf  (223.1  kN)  vacuum  thrust,  430.6  seconds  vacuum  specific  impulse  and  a  T/W  of  142.2.  The 
design  also  meets  the  DEAN  reusability  design  goals  with  a  cooling  jacket  wall  percent  melting  point  of  58.6%  and 
43.0%  for  the  chamber  and  aerospike,  respectively,  and  with  passing  the  structural  analyses  using  yield  strength  with 
a  factor  of  safety  of  1.5.  The  characteristic  length,  L*,  for  the  final  design  is  37.8  inches  (96.0  cm);  within  the 
typical  range  for  02/H2  engines  [8].  The  throat  area  is  equal  to  18.0  in2  (116.1  cm2),  equating  to  a  radius  difference 
of  0.61  inches  (1.6  cm)  between  the  chamber  and  aerospike  throat  radii.  The  engine  expansion  ratio  is  equal  to  4.37. 

Table  12  summarizes  the  fuel  and  oxidizer  turbopump  parameters  for  the  best  DEAN  design;  the  input 
turbopump  efficiency  values  are  in  Table  2.  Five  percent  of  the  oxidizer  flow  bypasses  the  turbine  leading  to  the 
lower  turbine  mass  flow  rate. 

The  final  engine  component  mass  for  the  DEAN  design  is  summarized  in  Table  13.  The  total  thickness  of  the 
chamber  and  aerospike  at  the  injector  face  is  0.64  and  0.55  inches  (1.6  and  1.4  cm),  respectively.  This  thickness  is 
the  summation  of  the  cooling  jacket  wall  thickness,  cooling  channel  height,  cooling  channel  cover  thickness,  and 
structural  jacket  thickness.  The  minimum  required  structural  thickness  for  the  oxidizer  and  fuel  plumbing  are  0.02 
and  0.03  inches  (0.05  and  0.08  cm),  respectively. 


Table  12  DEAN  turbopump  parameters 


Oxidizer 

Fuel 

Pump  #1  Pressure  Ratio 

95.9 

8.46 

Pump  #1  Power 

-1945.06  HP  (-1.45  MW) 

-419.28  HP  (-0.31  MW) 

Pump  #2  Pressure  Ratio 

- 

8.46 

Pump  #2  Power 

- 

-3163.83  (-2.36  MW) 

Pump  #1  &  #2  Mass  Flow  Rate 

99.86  lbm/s  (45.30  kg/s) 

16.64  lbm/s  (7.55  kg/s) 

Turbine  Pressure  Ratio 

1.84 

1.56 

Turbine  Power 

1945.07  HP  (1.45  MW) 

3583.11  HP  (2.67  MW) 

Turbine  Mass  Flow  Rate 

94.86  lbm/s  (43.03  kg/s) 

16.64  lbm/s  (7.55  kg/s) 

Turbopump  Shaft  Speed  (RPM) 

32,000 

110,000 
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Table  13  Engine  component  mass 


Engine  Component 

Mass 

Chamber 

39.1  lb  (17.7  kg) 

Aerospike 

79.4  lb  (36.0  kg) 

Plumbing 

4.3  lb  (1.95  kg) 

Turbopumps 

213.1  lb  (96.7  kg) 

Flardware 

16.8  lb  (7.6  kg) 

TOTAL  ENGINE  MASS 

352.7  lb  (160.0  kg) 

The  fluid  pressure  profile  through  the  best  DEAN  design  is  shown  in  Figure  8.  The  pressure  profile  shows  how 
the  propellant  pressures  change  through  the  two  independent  expander  cycles  until  both  the  oxidizer  and  fuel  have 
the  same  pressure  in  the  combustion  chamber.  Based  on  the  pressures  and  temperatures  at  each  station,  the  oxygen 
becomes  supercritical  in  the  cooling  jacket  and  remains  supercritical  to  the  injectors.  The  hydrogen  becomes 
supercritical  at  the  second  pump  outlet  and  remains  supercritical  to  the  injectors. 

5000  i— 


Oxidizer 


Figure  8  Best  DEAN  design  fluid  pressure  profile 

Table  14  tabulates  the  individual  thrust  components.  The  aerospike  nozzle  exit  pressure  is  equal  to  97.7  psia  (0.7 
MPa)  relating  to  a  design  altitude  of  approximately  220  feet  (67  m)  below  sea-level.  Due  to  the  small  radial 
geometry  of  the  best  DEAN  design,  the  exit  pressure  is  much  higher  than  sea  level  ambient  pressure.  The  high  exit 
pressure  leads  to  a  high  Fnondesign  value  for  DEAN  operation  in  vacuum  conditions.  The  total  percent  boundary  layer 
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loss  on  the  aerospike  nozzle  is  4.4%,  included  in  the  nozzle  pressure  thrust  value.  Other  performance  losses  are  not 
included  in  this  study. 


Table  14  Individual  thrust  components 


Thrust  Component 

Thrust 

Aerospike  Nozzle  Pressure  Thrust 

8,216  lbf(36.5kN) 

Momentum  Thrust 

34,314  lbf (152.6  kN) 

Thrust  due  to  Operation  at  Altitude  other  than  Design  Altitude  (Fnondesign) 

7,677  lbf(34.1  kN) 

Chamber  Exit  Lip  Pressure  Thrust 

-46  lbf(-0.2  kN) 

Total  DEAN  Vacuum  Thrust 

50,161  lbf  (223.1  kN) 

Figure  9  shows  the  rendered  geometry  of  the  best  DEAN  design.  In  Figure  9b,  due  to  the  chosen  aerospike 
radius  design  variable,  the  aerospike  portion  internal  to  the  chamber  is  almost  linear  in  nature  with  a  slightly 
negative  slope  to  the  throat.  From  the  orthogonal  views,  the  total  thickness  of  the  chamber  and  aerospike  is  visible. 
The  total  engine  length  from  the  injector  face  to  the  end  of  the  aerospike  tip  is  26.7  inches  (67.8  cm)  with  a 
maximum  diameter  at  the  injector  face  of  12  inches  (30.5  cm). 

VI.  Application  of  the  DEAN  Engine 

The  DEAN  engine  was  designed  with  specific  goals  to  perform  orbit  transfer/upper  stage  operations.  Design 
trades  in  performance  and  T/W  in  this  study  produced  a  DEAN  design  missing  the  vacuum  specific  impulse  goal  by 
7.3%.  This  design  can  still  successfully  perform  orbit  transfer/upper  stage  operations;  however,  with  the  lower 
specific  impulse,  more  propellant  may  be  required  to  complete  the  mission  compared  to  the  desired  engine  design 
meeting  all  goals.  The  best  method  to  determine  mission  impact  is  to  compare  with  other  engines  using  a  full 
mission  analysis  (reserved  for  a  future  effort). 

The  DEAN  design  is  a  competitor  to  the  Evolved  Expendable  Launch  Vehicle  (EELV)  upper  stage  engine,  the 
Delta  IV  RL10B-2.  Compared  to  the  RL10B-2,  the  DEAN  has  a  103%  improvement  in  vacuum  thrust  with  a  7.5% 
decrease  in  vacuum  specific  impulse.  The  DEAN  boasts  a  281%  improvement  to  the  RL10B-2  in  engine  T/W 
utilizing  standard  metals,  alloys,  and  ceramics.  Additionally,  the  DEAN  total  engine  length  and  diameter  is  69% 
and  86%  less  than  the  stowed  RL10B-2  engine.  The  DEAN  does  not  employ  an  extendible  nozzle  like  the  RL10B-2 
thus  eliminating  moving  parts  and  further  improving  engine  reliability.  Although  vacuum  specific  impulse  for  the 
DEAN  is  lower,  the  main  benefits  of  the  DEAN  over  the  RL10B-2  are  decreased  engine  length  and  weight.  With 
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decreased  engine  length  and  weight,  the  DEAN  offers  indirect  benefits  to  the  entire  launch  vehicle,  such  as  a  shorter 
and  lighter  interstage. 


d)  Orthogonal  Front  View  e)  Orthogonal  Back  View 

Figure  9  Best  DEAN  geometry 


The  best  DEAN  design  has  applications  to  other  mission  areas.  For  example,  the  performance  from  such  a  small 
size  and  low  weight  engine  with  reusability  characteristics  makes  this  engine  useable  as  a  potential  air-launch  space 
plane  engine.  Table  15  summarizes  some  of  the  advantages  of  the  current  design.  With  these  advantages,  the 
DEAN  engine  can  plausibly  serve  as  the  liquid  equivalent  to  the  solid  motor  Pegasus  launch  vehicle. 
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Table  15  Advantages  of  the  DEAN  design 


Advantage 


Explanation 


Compact 


Lightweight 


Ignition  Altitude  Independent 


The  length  and  diameter  of  the  engine  is  perfect  for 
applications  with  packaging  restrictions.  A  small  air-launch 
space  plane  with  the  DEAN  engine  could  fit  under  a  B-52 
wing  and/or  fit  in  the  stowage  bay  of  a  cargo  aircraft. 

The  low  weight  adds  further  fidelity  to  the  DEAN’s  benefits 
of  being  compact. 

The  aerospike  nozzle  is  operable  at  any  altitude.  This 
enables  the  DEAN  to  be  used  for  horizontal  launch  from 
conventional  aircraft. 


,,  ,  ,  .  ,  ,.  .  .  .  ,  The  aerospike  nozzle  can  operate  at  various  altitudes  with 

Performance  Independent  of  Altitude  .  .  r  .  . .  , ,  . 

increased  performance  over  conventional  bell  nozzles. 

The  engine  could  be  extensively  tested,  including  hot  fire 
Testable  tests  of  flight  units,  at  sea  level  facilities  without  the 

additional  expense  of  using  altitude  chamber  test  facilities. 


VII.  Conclusion 

Utilizing  past  AFIT  work  as  a  foundation,  an  enhanced  system  level  DEAN  model  was  created  to  provide  a 
conservative  estimate  of  engine  performance  and  engine  weight  without  violating  physical  and  reusability 
constraints.  The  improvements  in  modeling  demonstrate  a  need  to  update  previous  conclusions  about  the 
performance  gains  of  the  DEAN.  The  expansion  ratio  for  aerospike  nozzles,  and  consequently  performance,  is  a 
function  of  nozzle  geometry  and  cannot  be  assumed. 

Although  the  nonlinear  calculations  in  the  enhanced  system  level  DEAN  model  provide  added  fidelity  and 
accuracy,  the  linear  calculations  provide  an  acceptable  approximation  for  system  level  studies.  The  linear 
calculations  drastically  improve  computation  time  enabling  more  rapid  exploration  of  the  design  space  for  future 
design  work. 

The  assumptions  in  this  trade  and  optimization  study  conclude  this  set  of  engine  parameters  could  not  meet  all 
the  design  goals.  A  new  engine  cycle  was  found  meeting  the  engine  thrust-to-weight  ratio  and  reusability  design 
goals  while  falling  shore  of  the  vacuum  specific  impulse  design  goal.  The  current  design  shows  potential  in 
applications  where  engine  size  and  weight  are  significant  constraints.  Future  direction  and  efforts  to  further  the 
DEAN  design  concept  have  been  identified  and  warrant  further  research. 

The  views  expressed  in  this  paper  are  those  of  the  authors  and  do  not  reflect  the  official  policy  or  position  of  the 
U.S.  Air  Force,  the  U.S.  Department  of  Defense,  or  the  U.S.  Government. 
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